INTRODUCTION
Neurons that belong to the same cell type and execute similar functions are often derived from different progenitors and are located at different places within the organism . The production of these neurons presents two developmental challenges. First, although they occupy different positions along the body axes and receive different extracellular cues, they need to adopt the same neuronal fate and activate the same set of genes associated with that fate (convergence). Second, these neurons integrate into different local circuits by differentiating further into subtypes with various cell morphologies, distinct axonal trajectories and synaptic targets, and modified functional characteristics (divergence). An important issue in neuronal differentiation is how this combination of convergence and divergence is determined. Hox genes are good candidates for factors that influence both of these activities. Here we investigate how Hox genes control the diversification of touch receptor neuron (TRN) subtypes in the nematode Caenorhabditis elegans from a common ground state. Elsewhere, we will report how they facilitate the commitment to a common TRN fate (Zheng et al., 2015) .
Hox genes help specify motor neuron (MN) subtypes in the mouse hindbrain and spinal cord and peptidergic neurons in the embryonic ventral nerve cord of Drosophila by regulating cellular survival, gene expression, axon pathfinding, and target connectivity . Nonetheless, several questions remain regarding how Hox genes specify neuronal subtype identities. First, how do Hox genes and Hox cofactors control subtype differentiation and induce the morphological and functional differences among the neuronal subtypes? Hox regulation generally shows posterior dominance; that is, Hox genes specifying more posterior structures repress the expression and activity of more anterior Hox genes (Harding et al., 1985; Schneuwly et al., 1987) . Posterior dominance also involves Hox cofactors, mainly the TALE (three amino acid loop extension) homeodomain proteins (Noro et al., 2011; Rivas et al., 2013) . These conclusions were derived, however, from studies of early body patterning during embryogenesis. We do not know if similar mechanisms apply to other Hox functions, particularly terminal neuronal differentiation.
Second, what downstream effectors mediate Hox control of neurite outgrowth? Despite the importance of Hox proteins in directing neuronal development, only a few downstream genes of Hox activities are known (Pearson et al., 2005) .
Third, what role do Hox proteins play in regulating the formation of subtype-specific synaptic connectivity? In mammalian motor circuits, for example, Hox genes define MN identities by promoting the synaptic connection between MNs and their muscle targets (Kania and Jessell, 2003) . The topographic organization of somatosensory map and the assembly of auditory circuits also require Hox genes (Di Bonito et al., 2013; Oury et al., 2006) . Despite the essential role for Hox proteins in circuit formation , evidence is lacking at the single-cell level as to whether and how Hox proteins regulate the formation of functional neuronal connections.
C. elegans has six TRNs, which share a common cell fate as a specific type of mechanosensory neurons and commonly express a battery of TRN terminal differentiation genes (TRN genes) involved in mechanosensation (Chalfie and Au, 1989) . These six cells, however, constitute four subtypes: the two bilaterally symmetric anterior ALM neurons, the two bilaterally symmetric posterior PLM neurons, and the AVM and PVM neurons. These cells differ from each other not only by their position within the animal but also by their lineage history; the ALM and PLM neurons arise during embryogenesis, whereas the AVM and PVM neurons are postembryonic (Sulston and Horvitz, 1977; Sulston et al., 1983) .
In this study we focus on the ALM and PLM neurons. Both ALM and PLM have long anteriorly directed neurites that branch at their distal ends, but they differ in many ways from each other. ALM neurons lie subdorsally, whereas the PLM neurons lie subventrally; PLM, but not ALM, neurons are bipolar, having also posteriorly directed neurites (Chalfie and Sulston, 1981) . ALM neurons form excitatory gap junctions with interneurons that control backward movement and inhibitory chemical synapses with interneurons that control forward movement, whereas PLM neurons do the reverse (Chalfie and Sulston, 1981; Chalfie et al., 1985) .
Using the ALM and PLM neurons, we found that the expression of different Hox genes determines the TRN subtype identities through posterior induction. ALM neurons maintain a default TRN state, whereas the PLM neurons undergo morphological and transcriptional changes induced by posterior Hox proteins, mainly EGL-5/Abd-B. Morphologically, EGL-5 promotes the growth of a posterior neurite and the subventral positioning of the entire cell normally in PLM neurons and ectopically in ALM neurons when misexpressed. Transcriptionally, EGL-5 modifies the TRN genetic program by both repressing some common TRN genes, such as mir-84, and activating specific non-TRN genes, such as the rfip-1. rfip-1 encodes a recycling endosome-associated protein that mediates Hox activity in neurite outgrowth. PLM specification also requires EGL-5 repression of TALE cofactors, which inhibit EGL-5 function. Moreover, EGL-5, acting in both the mechanosensory PLM neurons and the downstream interneurons, directs the functional connectivity of the posterior touch circuit. Therefore, Hox genes promote terminal neuronal differentiation by inducing subtype specification beyond the common cell fate.
RESULTS
ALM Neurons without CEH-13 Maintain a Default TRN Shape with a Single Anteriorly Directed Neurite C. elegans has six Hox genes, of which the three Abd-B-like posterior genes egl-5, php-3, and nob-1 are expressed in the PLM neurons but not the ALM neurons (Zheng et al., 2015) . The two middle body genes lin-39/Scr and mab-5/Antp are not expressed in either subtype. Unexpectedly, the most anterior gene, ceh-13/Lab/Hox1, is expressed in both ALM and PLM neurons, although the TALE cofactors, ceh-20/Exd/Pbx and unc-62/ hth/Meis, are expressed only in ALM neurons (Zheng et al., 2015) .
Loss of ceh-13 or ceh-20 causes only 40% of the ALM neurons to fail to express TRN markers, as does loss of egl-5 in the PLM neurons (Zheng et al., 2015) . The remaining cells allow us to examine the effects of this loss on ALM and PLM differentiation ( Figure 1 and Table 1 ). The majority (85% [n = 40]) of ALM neurons in ceh-13 mutants had normal morphology with a single anteriorly directed neurite that branches at a position distal to the cell body ( Figure S1A ). Although the remaining 15% of the ceh-13-deficient ALM neurons were mispositioned anteriorly and had neurites that reached the nose and then turned posteriorly ( Figure S1B ), these defects were rescued in all 20 mosaic animals by ceh-13(+) expression outside of the ALM neurons ( Figure S1C ). These data suggest that CEH-13 functions cell non-autonomously to guide ALM migration and axonal outgrowth. Although ceh-13 was expressed in both ALM and PLM neurons, we did not observe any morphological defects in ceh-13 PLM neurons ( Figure S1A ). PLM neurons in ceh-13 egl-5 double mutants had the same morphology as those in egl-5 single mutants (Table 1) , and no additional guidance defects in the PLM anterior neurite were observed. Thus, in the absence of Hox activities, the TRNs take a default unipolar shape similar to the wild-type ALM neurons, which have a single long, subdorsally positioned, and anteriorly directed neurite.
Mutations in the Meis class TALE cofactor unc-62 also caused ALM positioning and axonal guidance defects (20% [n = 40]) similar to ceh-13 mutants ( Figure S1D ). These defects were not rescued by TRN-specific expression of unc-62 (data not shown), suggesting that CEH-13 may function with UNC-62 to regulate neuronal migration and guidance in ALM in a cell non-autonomous manner. Mutations in the Pbx class cofactor ceh-20 did not change ALM morphology.
Posterior Hox Proteins EGL-5 and PHP-3 Make PLM Neurons Morphologically Distinct from ALM Neurons Loss of posterior Hox genes had dramatic effects on PLM morphology. First, 90% of the egl-5-deficient PLM neurons lacked or had significantly shortened posterior neurites, and a similar percentage had longer anterior neurites (Figures 1A and 1B) . Second, although the wild-type anterior PLM neurite sends a branch that synapses onto ventral cord neurons just posterior to the vulva (i.e., far from the PLM cell body), more than 60% of the anterior neurites in egl-5 PLM neurons branched closer to the cell body, and those mispositioned branches made ventral cord synapses (Figures S1E and S1F) . Finally, the cell bodies of approximately half of the egl-5 PLM neurons were positioned more dorsally ( Figure 1A) , and their anterior neurites were often (10%) shifted dorsally to a position equivalent to that of the ALM neurons ( Figure 1C ). EGL-5 acts cell-autonomously because all these defects (posterior neurite formation, synaptic branch localization, and dorsal or ventral positioning) were rescued by expressing egl-5(+) specifically in the TRNs (Table  1 ). The absence of the posterior neurite and the dorsal positioning of the cell body and anterior neurites are morphological features that distinguish ALM from PLM neurons. Therefore, in egl-5 mutants, the PLM neurons adopt an ALM-like morphology ( Figure 1D ).
Moreover, although we could cause more of the presumptive PLM cells in egl-5 mutants to assume the TRN cell fate by expressing mec-3(+) from the unc-86 promoter, which is active in the TRN precursors and throughout TRN development (Baumeister et al., 1996) , these neurons still showed the various morphological defects described above (Table 1) . Thus, increasing the levels of mec-3 expression and adopting the TRN fate are not sufficient to produce the PLM features in the posterior cells; EGL-5 has a separate function of inducing these features.
We also tested other posterior Hox genes for effects on PLM morphology. Mutations in php-3 also shortened the PLM posterior neurite, although to a lesser extent than egl-5 mutations, whereas all of the roughly 35% of the PLM neurons (30 of 85) that were present in nob-1 mutants had relatively normal PLM posterior neurites ( Figure 1D ; nob-1 is needed to generate the cells that become the PLM neurons; Zheng et al., 2015) . None of the other PLM morphological defects seen in egl-5 mutants was observed in either php-3 or nob-1 animals. egl-5 php-3 double mutants showed a slightly more severe phenotype for the shortening of PLM posterior neurite, suggesting that the two Abd-B homologs may act redundantly to promote the posterior axonal outgrowth. Moreover, the short PLM posterior neurites in egl-5 and php-3 mutants were rescued by overexpression of either egl-5(+) or php-3(+) but not nob-1(+) ( Figure 1E ). Thus, egl-5 and php-3 can compensate for each other's loss with regard to the production of the PLM posterior neurite. In contrast, overexpression of php-3(+) did not rescue the abnormal branch- ing and dorsal shift of egl-5 PLM neurons (Table 1 ). These data suggest that the posterior Hox proteins, mainly EGL-5, render PLM neurons morphologically distinct from ALM neurons.
Misexpression of Posterior Hox
Genes egl-5 and php-3 Converts ALM Neurons to PLM-like Cells Because egl-5 and php-3 were expressed in PLM but not ALM cells, we next tested whether misexpressing them made ALM more PLM-like. Expression of egl-5 from the mec-3 promoter, which is expressed in all TRNs and two other pairs of neurons (the FLP and PVD neurons; Way and Chalfie, 1989) induced the growth of an ectopic ALM posterior neurite, which often crossed the lateral midline and was positioned subventrally (Figure 2A ). More dramatically, 20% of the egl-5-expressing ALM neurons had both their cell bodies and two neurites shifted subventrally (Figure 2A ). Misexpression of egl-5 also caused premature termination of the anterior neurite in 47% (n = 45) of the ALM neurons ( Figure 2B ), supporting the role of EGL-5 in promoting posteriorly directed outgrowth and inhibiting anteriorly directed outgrowth.
Misexpression of php-3 but not the other four C. elegans Hox genes induced a posterior neurite in ALM neurons, although the effect was much weaker, and the subventral shift of the ALM was not observed ( Figure 2C ). PHP-3 and EGL-5 acted independently to induce a posterior ALM neurite, because neither required the other protein ( Figure 2C ). In sum, the selective expression of posterior Hox genes egl-5 and php-3 in PLM but not ALM accounts for their morphological differences. In other organisms, posterior tissues are generally not transformed by the overexpression of more anterior Hox proteins . This generalization also applies to the TRNs, because neither the normal expression nor overexpression of ceh-13 in the PLM neurons affected their differentiation ( Figure 3D ). In contrast, misexpression of Hox cofactor unc-62, but not ceh-20, in PLM neurons produced all the PLM morphological defects seen in egl-5 mutants, although at a lower penetrance ( Figure 3C and Table 1 ). Co-expression of both TALE cofactors only slightly increased the penetrance, suggesting that UNC-62 plays a major role in suppressing PLM morphological characteristics induced by EGL-5 (Table 1 ). This result is further supported by the finding that restoring unc-62 expression from the mec-3 promoter in ALM neurons expressing egl-5 partially suppressed the EGL-5-induced morphological transformation of ALM neurons to PLM-like cells ( Figure 3E) . Surprisingly, the ability of misexpressed UNC-62 to convert PLM neurons to ALM-like cells was independent of the anterior Hox gene ceh-13 ( Figure 3D and Table 1 ). This result suggests that the Meis class cofactor UNC-62 does not act together with CEH-13 to promote a distinct ALM program but rather antagonizes the PLM specification program induced by the posterior Hox protein EGL-5. Supporting this notion, unc-62-deficient ALM neurons did not show PLM features, such as the induction of posterior neurites and ventral shift of the cell ( Figure S1D ), and unc-62 mutations did not rescue the PLM defects in egl-5 mutants (Table 1) . Thus, PLM specification is not driven by the lack of UNC-62 per se. Instead, UNC-62 interferes with the ability of EGL-5 to induce PLM characteristics. This idea is supported by the observation that increasing the level of egl-5 in PLM neurons greatly suppressed the defects caused by misexpressed UNC-62 (Table 1 and Figure 3D ). Two recent reports also showed that TALE cofactors can block the activity of the posterior Hox proteins homologous to EGL-5, Abd-B in Drosophila embryogenesis (Rivas et al., 2013) and Hoxa10 in mouse osteoblastogenesis (Gordon et al., 2010) .
EGL-5 Promotes the Generation of PLM Posterior
Neurites by Suppressing the Activity of More Anterior Hox Genes Acting Cell Non-autonomously EGL-5 also induces the correct PLM morphology by suppressing the more anterior Hox genes lin-39 and mab-5, because the shortening of the PLM posterior neurite in egl-5 mutants was partially rescued by the additional removal of both lin-39 and mab-5 ( Figures 3F, 3G , and S2B). Mutations in either gene alone were not sufficient to restore the shortened neurite. Unlike the repression of unc-62 by EGL-5, the suppression of lin-39 and mab-5 does not seem to be cell-autonomous to the PLM cells, because we did not detect the expression of either lin-39 or mab-5 in wild-type or egl-5 cells by translational GFP fusions ( Figure S2C ) or single-molecule fluorescent in situ hybridization (smFISH; Figure S2D ). Moreover, forced expression of either egl-5 ceh-13 double mutants were previously generated by inducing small deletion in egl-5 gene in ceh-13/+ heterozygotes using CRISPR/Cas9-mediated genome editing (Zheng et al., 2015) .
mab-5 or lin-39 from a TRN-specific promoter did not change PLM morphology ( Figure 2C ). Therefore, EGL-5 also induces PLM features by cell-non-autonomously suppressing the activities of more anterior Hox genes. Nonetheless, expressing egl-5 specifically in the PLM neurons strongly rescued all the defects ( Table 1 ), suggesting that either EGL-5 activity in PLM neurons signals other tissues or the cell autonomous and nonautonomous functions of EGL-5 compensate for each other.
Posterior Hox Genes Regulate Neurite Outgrowth through Rab-11 Family Interacting Protein RFIP-1 To identify the effectors that control the outgrowth of the posteriorly directed neurite in PLM neurons downstream of posterior Hox genes egl-5 and php-3, we mutated animals overexpressing EGL-5 from the mec-3p::egl-5 transgene and screened for mutants with short PLM posterior neurites. We identified a mutation (u1023) in the coding sequence of F55C12.1, which encodes a homolog of the human Rab-11 Family Interacting Protein 3 and 4 (RAB11FIP3/4). Because F55C12.1 encodes the sole C. elegans homolog of the Rab11 Family Interacting Proteins, we renamed it rfip-1. The Rab11 interacting proteins (Rab11-FIP) family in mammals is composed of six members that share a highly homologous Rab11-binding domain (RBD) at their C termini but vary in domain organization apart from the RBD (Lindsay and McCaffrey, 2004) . Class I proteins (RCP, Rip11, and Rab11-FIP2) have a C2 phospholipid-binding domain at the N terminus, which mediate membrane association, and class II proteins (Rab11-FIP3 and Rab11-FIP4) possess an ezrin-radixin-moesin domain in the C-terminal half and EF hands in the N-terminal region (Lindsay and McCaffrey, 2004) . C. elegans RFIP-1 has the highest sequence homology with Class II proteins but lacks obvious C-terminal EF hands (based on a PROSITE domain search).
The u1023 mutation produced a missense change (Glu 286 Lys) and failed to complement a deletion allele, gk515 ( Figure 4A ). gk515 homozygotes arrested at early larval stages, whereas rfip-1(u1023) animals were viable. Both mutations led to significant shortening of the PLM posterior neurite ( Figures 4B and S3A ). These defects were rescued by expressing the a isoform of rfip-1(+) specifically in the TRNs using the mec-17 promoter (Figures 4B and 4C) , suggesting that RFIP-1 protein functions cellautonomously. rfip-1 expression from the mec-3 promoter led to similar rescue although weaker than that from the stronger TRN-specific mec-17 promoter ( Figure S3C ) (Topalidou et al., 2012) .
To confirm that RFIP-1 acts downstream of the posterior Hox genes, we found that expression of the mec-17p::rfip-1(+) transgene completely restored the PLM posterior neurite in egl-5 or php-3 mutants, whereas short PLM posterior neurite in rfip-1 mutants could not be rescued by overexpressing egl-5 ( Figures  4B and 4C) . Moreover, mutations in rfip-1 suppressed the growth of ectopic ALM posterior neurite induced by the misexpression of egl-5 or php-3 ( Figure 4D ). These results suggest that RFIP-1 is the major effector for the posterior neurite outgrowth induced by EGL-5 and PHP-3 in the TRNs.
Mutations in rfip-1 also led to PLM anterior neurite overextension but not to branching or cell positioning defects; similarly, the expression of mec-17p::rfip-1(+) rescued anterior overextension but no other defects in egl-5 mutants (Table 1) . Therefore, RFIP-1 functions only in the regulation of neurite extension and does not mediate other EGL-5 activities in the PLM neurons. RFIP-1 homologs in mammals bind to the small GTPase Rab11, which is specifically present in recycling endosomes and contributes to neurite outgrowth and guidance through membrane addition and polarized protein trafficking (Lindsay and McCaffrey, 2004; Sann et al., 2009) . Consistent with these findings, we found that mutations in rab-11.1, one of the two C. elegans homologs of Rab11, also caused outgrowth defects in PLM posterior neurite ( Figure S3A ). Mutations in rab-5 and rab-7, which encode small GTPases associated with early and late endosomes, respectively, did not significantly shortened the neurites (Figure S3B) . These results suggest that recycling endosomes play an important role in regulating the outgrowth of posteriorly directed neurites in the TRNs.
EGL-5 Regulates the Transcription of the Downstream
Effector rfip-1 Because a GFP transcriptional fusion with the 8.7 kb genomic region upstream of the a isoform of rfip-1 (rfip-1p_a::gfp) was expressed in many tissues, including intestine, hypodermis, and muscle ( Figure S3D) , neuronal expression was difficult to see. A shorter promoter with 2.8 kb of regulatory sequence upstream of the first exon of the d isoform (rfip-1p_d::gfp) had much more restricted expression being found in the pharynx, the excretory canal, many head neurons, and a few tail neurons ( Figure S3D ). Of note for this study, the rfip-1p_d::gfp reporter was expressed in the PLM, but not the ALM, neurons ( Figure 5A ).
Furthermore, smFISH for rfip-1 confirmed its transcription in PLM, which had 7.0 ± 0.3 fluorescently labeled rfip-1 mRNA molecules compared with only 1.5 ± 0.2 molecules in the ALM neurons ( Figures 5B and 5C ). The differential expression of rfip-1 between the TRN subtypes supports that RFIP-1 functions downstream of the posterior Hox genes.
To test whether rfip-1 expression was regulated by Hox proteins, we examined the expression of rfip-1p_d::gfp in egl-5 mutants and animals carrying the mec-17p::egl-5 transgene. GFP expression disappeared in egl-5-deficient PLM neurons, and the reporter was ectopically expressed in ALM neurons when egl-5 was misexpressed ( Figure 5A) . Similarly, smFISH Figure 2B . (F and G) PLM morphology in various Hox mutants. Cells were visualized by antibody staining against the TRN-specific MEC-18 protein in egl-5(945), egl-5(u202) lin-39(n1760), egl-5(n945) mab-5(e1239), and lin-39(n1760) mab-5(e1239) egl-5(n945) animals. Also see Figure S2 .
confirmed that the number of rfip-1 transcripts decreased markedly in PLM neurons that lacked egl-5 (1.0 ± 0.2) and, to less extent, in php-3-deficient PLM neurons (4.3 ± 0.3) (Figures 5B-5D ). On the other hand, rfip-1 mRNA levels increased significantly in ALM neurons expressing egl-5 (3.9 ± 0.3), and the length of the ectopic posterior neurite of ALM neurons expressing mec-17p::egl-5 correlated strongly with the number of fluorescent rfip-1 mRNA molecules ( Figure 5E ). These results suggest that EGL-5 and PHP-3 activate rfip-1 transcription to induce the growth of the posterior neurite in PLM neurons.
In support of this model, we found that misexpression of rfip-1 in ALM neurons using the mec-17 promoter also resulted in the growth of an abnormal posterior neurite ( Figures 4B and  4D ). This neurite resembled that found in ALM neurons in which egl-5 was misexpressed. In contrast with the latter treatment, we never observed the ventral shift of either the ALM cell body or the ALM neurites in animals carrying mec17p::rfip-1. This phenotypic difference between rfip-1 and egl-5 misexpression suggests that EGL-5 has multiple downstream effectors.
The activation of rfip-1 by the posterior Hox proteins is independent of unc-62, because misexpression of unc-62 from the mec-3 promoter did not reduce rfip-1 expression, even when the PLM posterior neurite was significantly shortened ( Figure 5F ). The level of endogenous rfip-1 in PLM neurons expressing unc-62 was also comparable with that in wild-type ( Figure S4A ). These results suggest that EGL-5 promotes PLM characteristics by at least two parallel pathways, the inhibition of Hox cofactor unc-62 and the activation of recycling endosome-associated rfip-1. Moreover, these two pathways are partially redundant and can mutually compensate, because misexpression of unc-62 and mutations in rfip-1 enhanced the PLM posterior outgrowth defects of each other, and increasing the level of rfip-1 suppressed the outgrowth defects caused by the misexpressed UNC-62 ( Figure 5G ).
EGL-5 Controls the Transcriptional Differences between ALM and PLM Neurons
To identify more Hox targets, we searched all annotated expression patterns available at www.wormbase.org using the WormMine tool (WS238 IM version 1.2.1) and identified 16 genes whose expression was reported in ALM but not PLM neurons and 18 genes whose expression was reported in PLM but not ALM neurons (Table S1 ). We obtained expression reporters for 31 of these 34 genes, crossed them with TRN markers, and found that only four genes (ceh-20, mir-84, tag-97, and inx-3) were truly differentially expressed between the subtypes. ceh-20 (described above) and mir-84 were selectively expressed in ALM, whereas tag-97 and inx-3 were selectively expressed in PLM neurons ( Figure 6A ). Independently, we also found that inx-13 was expressed in PLM but not ALM neurons ( Figure 6A) . Therefore, the genetic programs of the two TRN subtypes diverge from each other. EGL-5 controls part of the transcriptional differences between the subtypes. ALM genes ceh-20, unc-62, and mir-84 were suppressed in ALM neurons that expressed EGL-5 and were derepressed in egl-5-deficient PLM neurons ( Figures 3A  and 6 ). The expression of PLM gene tag-97 is fully dependent on EGL-5, because tag-97 expression was lost in PLM neurons of egl-5 mutants and was ectopically activated in ALM neurons misexpressing egl-5 ( Figure 6A ).
EGL-5-mediated gene regulation requires the suppression of TALE cofactors. Misexpression of unc-62 from mec-3 promoter partially impeded the repression of mir-84 and the activation of tag-97 by EGL-5 in both ALM and PLM neurons ( Figure 6B ). Misexpression of ceh-20 had much weaker effects, whereas the coexpression of both unc-62 and ceh-20 had synergistic functions that strongly suppressed the activity of EGL-5 in regulating mir-84 and ceh-20 ( Figure 6B ). The Hox cofactors did not act with CEH-13 to directly activate mir-84 or repress tag-97 in the absence of EGL-5, because the mutations in ceh-13, unc-62, and ceh-20 neither eliminated mir-84 expression in ALM neurons nor derepressed tag-97 in egl-5-deficient PLM neurons (data not shown). Instead, the TALE cofactors acted as antagonists of EGL-5 functions. By preventing the expression of those cofactors EGL-5 is able to regulate downstream genes in PLM neurons.
mir-84 encodes a microRNA of the let-7 family, and tag-97 encodes a transcription factor orthologous to human EHF (ETS homologous factor). Mutations in neither gene caused any morphological or functional defects in TRNs (data not shown). inx-3 and inx-13 encode innexins, which are structural components of gap junctions in invertebrates. Although the forced expression of egl-5 was able to activate inx-13 in ALM neurons, the PLM expression of inx-13 was only slightly reduced in egl-5 mutants (Figure 6 ). In contrast, the expression of inx-3 in PLM was independent of egl-5, and inx-3 was not activated by misexpressed EGL-5 in ALM neurons (data not shown). Figure S4 .
Expression of the ALM gene mir-84 was dependent on mec-3, whereas that of the PLM genes tag-97, inx-13, and rfip-1 were not ( Figures 6B and S4B ). Because egl-5 represses mir-84 and activates the three PLM genes, these results support the hypothesis that the ALM genetic program is a default TRN program controlled by the cell-fate determinant MEC-3 ( Figure 6C ). In PLM neurons, EGL-5 induces divergence from this general TRN program by repressing the expression of some common TRN genes and activating novel, posterior-specific genes. Moreover, EGL-5 acts on two types of downstream genes, those affected by and those that are not (e.g., rfip-1).
EGL-5 Regulates Connectivity in the Posterior Touch Circuit
The functional difference between ALM and PLM neurons relies on their distinct connections to the downstream command interneurons (Chalfie et al., 1985) . Our previous work found that egl-5 Subtype-specific genes are in black (expressed) and gray (not expressed). Also see Table S1 . mutant animals were completely touch insensitive at the posterior but responded normally to anterior gentle touch (Chalfie and Au, 1989) . In contrast, all the other Hox mutants or Hox cofactor mutants were touch sensitive at both the anterior and posterior, if they had at least one ALM and one PLM neurons (Zheng et al., 2015) . Because egl-5, unlike the other Hox genes, was absolutely required for touch sensitivity, we next investigated how EGL-5 controls the activity of the posterior touch circuit ( Figure 7A ).
Because PLM neurons form gap junctions with the PVC interneurons (Chalfie et al., 1985) , we first confirmed the findings of Chisholm (1991) that egl-5 regulates the cell fate of the PVC interneurons cell-autonomously. Expression of interneuron markers (nmr-1p::GFP and glr-1p::GFP) was diminished in PVC neurons in more than 70% of the egl-5 null mutants ( Figure 7B ), whereas their expression in the anterior AVA, AVD, and AVE interneurons was not affected. Moreover, expression of egl-5(+) from the nmr-1 or glr-1 promoter, which allows for increased EGL-5 production by autoregulation, restored interneuron marker expression in the PVC. For example, expression of a transgene nmr-1p::egl-5(+) caused 78% of the egl-5-deficient PVC cells to express marker nmr-1p::GFP.
Using the mec-17 and nmr-1 promoters to express egl-5(+) in the PLM and PVC neurons, respectively, we found that both cells required egl-5 for posterior touch sensitivity ( Figure 7C ). Moreover, overexpression of other posterior Hox genes could not compensate for the loss of egl-5 ( Figure 7C ). The expression of egl-5 in PVC interneurons was also needed for the detection of harsh touch at the posterior (the PVC neurons had previously been shown to be needed for this sensory modality; Chalfie and Wolinsky, 1990) . These results were further confirmed by mosaic analysis; loss of a rescuing extrachromosomal array with an egl-5(+)-containing fosmid from the PVC neurons in egl-5 mutants resulted in insensitivity to both gentle and harsh touch at the tail, whereas loss of the array in PLM neurons resulted only in the loss of gentle touch sensitivity ( Figure 7D ). . GFP and RFP fluorescence indicate the presence of the array in the PVC neurons and PLM neurons, respectively. Mosaic animals were tested for gentle and harsh touch sensitivity at the posterior. **p < 0.01 in comparison with the wild-type. (E) The relative changes in fluorescent intensity of GCaMP3 upon mechanical stimuli of the PLM neurons from both wild-type (n = 10) and egl-5 animals (n = 12). Values were normalized to the maximum ratio of change. (F) The maximal fold change for GCaMP3 intensity in PLM and PVC neurons in egl-5 mutants (n > 10 for each strain). nmr-1p::egl-5 was expressed to restore the PVC fate and allow the expression of nmr-1p::GCaMP3 and calcium imaging. (G) The light-induced avoidance response of animals injected with various constructs and subjected to three flashes of blue light. Responses at both the anterior and posterior were tested (n = 20 for each strain). Also see Figure S5 .
Loss of egl-5 causes about 40% of PLM neurons to fail to express mec-3 and the mec-3 target genes, yet almost 100% of the egl-5 animals are touch insensitive (Zheng et al., 2015) . The need for EGL-5 for touch sensitivity depends on its control of the connections of PLM to downstream interneurons and not of genes for mechanosensation. First, egl-5-deficient PLM neurons expressed genes needed for mechanosensation at levels similar to the wild-type (Zheng et al., 2015) . Second, mechanical force was capable of exciting egl-5-deficent PLM neurons, and the maximum excitation and force sensitivity of PLM neurons indicated by calcium imaging were similar in egl-5 and wild-type animals ( Figures 7E and 7F ). The downstream interneuron PVC, however, could not be activated by mechanical stimulation of egl-5 mutants even when the egl-5(+) expression was restored in PVC ( Figure 7F ). Third, light-induced excitation of PLM neurons could not trigger a behavioral response in PVC-rescued egl-5 mutants ( Figure 7G ), suggesting that the synaptic transmission was blocked between the PLM and PVC neurons. These data suggest that the presence of egl-5 in the PLM neurons helps establish functional connections to the PVC command interneurons.
Because egl-5-deficient PLM neurons were still able to target gap junction proteins to the correct position (where the PLM::PVC connection normally forms; Figure S5A ), EGL-5 appears to regulate the formation of functional synapses instead of controlling target recognition.
Misexpression of egl-5 Fails to Rewire ALM Neurons to the Posterior Touch Circuit Misexpression of egl-5 in the ALM neurons, however, failed to change its connectivity. Anterior touch activates ALM neurons, which normally excite AVD interneurons through gap junction and inhibit PVC interneurons through chemical synapses; the result is the initiation of backward movement ( Figure S5B ) (Chalfie et al., 1985) . PLM makes the opposite types of connections with these interneurons and results in touch initiating forward movement. If the Hox gene egl-5 alone determined the connectivity of the sensory neurons to the interneurons, we would expect egl-5-expressing ALM to excite PVC instead of AVD, and anterior touch would lead to forward movement. mec3p::egl-5 or mec-17p::egl-5 animals, however, still responded to anterior gentle touch with backward movement, suggesting the output of the circuit was not changed ( Figure S5C ). We have also tested whether egl-5 misexpression in ALM could establish ectopic excitatory connections to PVC neurons in a genetic background (eat-4; unc-7 unc-9) , in which all the normal connection between ALM and downstream interneurons were disrupted and PLM could still activate PVC (unpublished data). To exclude the possible interference from PLM neurons, we laser-ablated the PLM cells in eat-4; unc-7 unc-9 animals carrying the mec-3p::egl-5 or mec-17p::egl-5 transgene and found that gentle touch at the head still failed to evoke forward movement ( Figure S5D) .
Results from optogenetic experiments consistently showed that light activation of channelrhodopsin-2 in egl-5-expressing ALM could not lead to forward movement in either wild-type or eat-4; unc-7 unc-9 animals (data not shown). Calcium imaging confirmed that AVD but not PVC neurons were activated by anterior touch in animals carrying the transgene that expressed egl-5 in ALM ( Figure S5E ). Together our results suggest that although egl-5 is essential for the connection of PLM neurons to downstream interneurons, its expression is not sufficient to force ALM to adopt PLM-type connections. Because both ALM and PLM cells physically contact the PVC interneurons (Chalfie et al., 1985) , axonal guidance toward the target may not be a problem; instead, other synaptogenic factors may be required for the synaptic specificity between the TRNs and the interneurons.
DISCUSSION
The six C. elegans Hox genes play critical, but varied, roles in the development of the six TRNs. ceh-13 and egl-5 are involved in cell fate commitment in embryonically derived ALM and PLM neurons (Zheng et al., 2015) . The middle body Hox genes lin-39 and mab-5 are important for the migration of the precursors of the postembryonic AVM and PVM, respectively (Chalfie et al., 1983; Salser and Kenyon, 1992) . Three Abd-B homologs affect PLM development. Both egl-5 and php-3 promote the growth of a posterior neurite, but only egl-5 regulates axonal branching, cell body positioning, and connectivity (this study). The third homolog nob-1 is essential for the generation of the PLM neurons (Zheng et al., 2015) . Therefore, the TRNs provide a simplified model to study the diverse roles Hox proteins play in neuronal specification. Our results not only suggest that many principles regarding Hox activity during neuronal development are highly conserved but also offer novel insights about the mechanisms of Hox actions in controlling subtype specificities.
TRN Subtype Diversity Is Generated by the Action of Posterior Hox Proteins on Posterior Cells
In theory, two neuronal subtypes along the anterior-posterior (A-P) axis could arise by the anterior or the posterior or both cells differentiating away from a ground state. Our results suggest that the Hox control of terminal neuronal differentiation, at least with regard to the TRNs, relies on a mechanism biased toward posterior specification. ALM neurons maintain a default TRN shape, whereas the posterior Hox proteins, mainly EGL-5, induce morphological specification in PLM neurons, including the growth of a posterior neurite and ventral shift of the entire cell. The action of misexpressed egl-5/Abd-B to convert ALM neurons both morphologically and transcriptionally toward the PLM identity demonstrates posterior dominance (Bachiller et al., 1994; Gonzá lez-Reyes and Morata, 1990) in the specification of terminal neuronal subtypes as had also been found in the specification of peptidergic neurons in Drosophila (Suska et al., 2011) . Although the anterior Hox gene ceh-13 is not required for TRN morphology cell autonomously, it does contribute to the commitment to TRN fate in ALM neurons ( Figure S1A ), as egl-5 facilitates TRN fate adoption in PLM neurons (Zheng et al., 2015) .
EGL-5 also modifies the TRN genetic program expressed in ALM by suppressing some TRN genes (e.g., mir-84), which are dependent on the cell fate determinant mec-3, and by activating non-TRN genes (e.g., rfip-1 and tag-97), which are independent of mec-3 ( Figure 6C ). Therefore, EGL-5 regulates a distinct posterior module that is additive to the main TRN program in the PLM neurons. This hypothesis is supported by a comparison of genes preferentially expressed in either ALM or PLM (unpublished data) to genes that are highly enriched in TRNs generally and are presumably MEC-3-dependent ; we found that 22 of 48 genes (46%) upregulated in ALM are TRN-specific genes, whereas only 8 of 188 genes (4%) upregulated in PLM neurons are enriched in TRNs. Therefore, at the level of transcription, PLM neurons diverge significantly from the TRN ground state, to which the ALM neurons are more similar. Hox action in C. elegans and other nematodes has had to adapt to the loss of Hox genes, breaks in the Hox gene cluster, and imperfect colinearity (Aboobaker and Blaxter, 2010) . Consequently, the most anterior Hox gene ceh-13/lab is expressed all along the A-P axis (Tihanyi et al., 2010) , and its ubiquitous expression in both ALM and PLM neurons may be one of the reasons for adopting a posterior specification mechanism for PLM differentiation. Our results suggest that the anterior-specific expression of TALE cofactors ceh-20/Exd/Pbx and unc-62/hth/ Meis may enable CEH-13 activity in the ALM neurons, but they inhibit EGL-5 activities in PLM neurons when misexpressed. Therefore, the posterior-specific suppression of TALE cofactors by EGL-5 enables PLM specification.
Similar activity to that of EGL-5 occurs with its Drosophila homolog Abd-B and its mouse homolog Hoxa10. In Drosophila, Abd-B does not require the Hox cofactors Exd and Hth to bind DNA (van Dijk and Murre, 1994) , and Abd-B represses exd and hth transcription during embryogenesis (Rivas et al., 2013 ). This repression is necessary for Abd-B function, because maintained expression of Exd and Hth not only interferes with the binding of Abd-B to its normal targets (Rivas et al., 2013) but also significantly changes its DNA bindings specificity, which may lead to the activation of inappropriate targets (Slattery et al., 2011) . In mammals, the Hox cofactor Pbx1 negatively regulates Hoxa10 activity by blocking Hoxa10-mediated recruitment of chromatin remodeling factors in activation of osteoblastrelated genes (Gordon et al., 2010) . Our results suggest that UNC-62/Hth/Meis alone can also impair EGL-5/Abd-B-induced morphogenesis and gene regulation, although the inhibition is enhanced with the combination of CEH-20/Exd/Pbx in some situations. Therefore, these studies collectively establish the function of TALE cofactors in impeding the activity of posterior Abd-B-like Hox proteins and the need for these Hox proteins to repress the expression of TALE cofactors.
Hox Protein-Dependent Regulation of Neurite Outgrowth through Endosomal Trafficking Although previous studies identified guidance molecules, such as EphA4 and Rig1/Robo3, as downstream targets of Hox genes (Di Bonito et al., 2013; Kania and Jessell, 2003) , little is known about the cell autonomous effectors of Hox regulation of neurite outgrowth. We find that the sole C. elegans homolog of the Rab-11 family interacting proteins, RFIP-1, acts downstream of the Hox genes to promote, specifically, posteriorly directed neurite outgrowth in the TRNs.
Recycling endosomes, the small GTPase Rab11, and Rab11 binding proteins contribute to neurite outgrowth through membrane addition and polarized protein sorting in many organisms (Sann et al., 2009) , including chicken embryonic retinal neurons (Albertinazzi et al., 2003) , the ventral nerve cord of Drosophila embryos (Bhuin and Roy, 2009) , and mammal hippocampal neurons (Shirane and Nakayama, 2006) . In addition, the zebrafish Rab11-FIP4 is predominantly expressed in the neural tissues and is required for the differentiation of retinal ganglion cells (Muto et al., 2006) .
Our findings that C. elegans RFIP-1 is required for TRN axonal outgrowth supports the hypothesis that the class II Rab11-FIP proteins contribute to cytoskeletal remodeling during neurite development. The finding that EGL-5 regulates the expression of rfip-1 draws a novel link between Hox proteins and endosomal trafficking; Hox proteins may control neuronal morphogenesis by regulating recycling endosome-mediated membrane reinsertion and protein localization.
Hox Genes Are Necessary but Not Sufficient for Functional Connectivity Hox genes act in circuit assembly by ensuring correct axon projection to the synaptic targets and appropriate terminal branching during innervation of these targets (Di Bonito et al., 2013; Livet et al., 2002) . Studies of mouse spinal cord MNs suggest that Hox genes function primarily presynaptically to control axon navigation and muscle innervation . In contrast, our results suggest that Hox genes are needed in both the presynaptic sensory neuron (PLM) and the postsynaptic interneuron (PVC) for the touch circuit formation. Moreover, despite various morphological defects, egl-5-deficient PLM neurons still made physical contacts with the PVC interneurons and localized gap junction proteins to the correct positions, although functional connections were not formed. EGL-5 may regulate connectivity by activating genes essential for synaptic organization but not for target recognition. Therefore, the role of Hox genes in the touch circuit assembly differs from the known Hox activities in mammalian MNs.
Misexpression of egl-5 alone in ALM neurons, however, did not lead to ectopic excitatory connections with PVC neurons that are normally activated by PLM. One explanation is that EGL-5 action at the synapse requires additional factors, and these factors are not present in ALM. Alternatively, inhibitory mechanisms, which could not be overridden by EGL-5 alone, may exist in ALM that prevents the rewiring of the circuit.
Dual Function of Hox Proteins in Promoting a Common Neuronal Fate and Inducing Variation within It
Our other study (Zheng et al., 2015) and this work establish a dual function for Hox proteins in controlling terminal neuronal differentiation of cells located along the A-P axis. CEH-13 and EGL-5 promote the adoption of the common TRN fate in the ALM and PLM neurons, respectively, by enhancing the transcriptional initiation of terminal selector mec-3 (Zheng et al., 2015) . At the same time, the posterior Hox proteins EGL-5 and PHP-3 induce morphological specification and help establish functional neuronal connections in PLM neurons. This dual function of Hox genes in regulating both converging and diverging pathways is likely to be acting in other organisms as well . For example, in flies, both Ubx and abd-A specify ventral-abdominal (Va) neurons by activating the terminal selector gene dim and its cofactor dac, but only abd-A further induces the differentiation of Va neurons to express the neuropeptide Capa in abdominal segments A2-4 (Suska et al., 2011) . In mouse spinal cord, multiple genes in the Hox5-Hox8 paralogous groups can induce the specification of brachial lateral MNs (Lacombe et al., 2013) , but individual Hox proteins, such as Hoxc6 and Hoxc8, control unique aspects of MN subtype identity by regulating the connectivity to specific muscle targets (Dasen et al., 2005) . Because Hox expression is highly ordered along the A-P axis, we propose that Hox proteins may generally serve as the genetic basis for both neuronal fate convergence and subtype specification.
EXPERIMENTAL PROCEDURES
C. elegans wild-type (N2) (RRID: CGC_N2) and mutant strains were maintained as previously described (Brenner, 1974) . Most strains were provided by the Caenorhabditis Genetics Center, which is funded by the National Institutes of Health (NIH) Office of Research Infrastructure Programs (P40 OD010440). rfip-1(u1023) was isolated after EMS mutagenesis (Brenner, 1974) . Constructs were all made using the Gateway cloning system of Life Technologies. smFISH , calcium imaging (Chen and Chalfie, 2014) , optogenetics (Nagel et al., 2005) , laser ablation (Zheng et al., 2013) , and touch assays was performed as described previously. For statistical analysis, Student's t test was used in the majority of the comparisons between two sets of data. For multiple comparisons, the Holm-Bonferroni method was used to correct the p values. Details of the methods are given in Supplemental Experimental Procedures.
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